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ABSTRACT (Maximum 200 words)
During the performance of this STTR Phase I program, F&S along with our development partners at Virginia Tech, have successfully demonstrated the formation of noncentro-symmetric thin films using the ISAM process. These films exhibit significant second-order nonlinear optical properties. Further, we have demonstrated a fabrication process capable of creating thousands of bilayers of such films, which demonstrates the feasibility of full-scale commercial manufacturing. The resulting films exhibit significant robustness, particularly during temperature cycling, and do not have to be poled to achieve their nonlinear properties. Finally, we have shown increased performance of the ISAM films through the synthesis of a number of new polydye materials. These Phase I program results lay the foundation for an expanded product development program based on this technology.
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Introduction
The objective of this Phase I STTR program is to transfer the technology for Ionically
Self-Assembled Monolayer (ISAM) nonlinear optical films to the development of advanced thin films that are easily fabricated at low cost and possess long-term stability as well as additional exceptional secondary material properties. The initial proof-ofconcept demonstration has been achieved using an ionic polymer dye with a noncentrosymmetric chromophore, but the ISAM technique can be applied to create % (2) thin films from a wide variety of organic and polymeric structures.
Program Task Review
The technical tasks proposed by F&S as key to the development and commercialization of ISAM-processed % (2) waveguide device applications are summarized as follows. 
Nonlinear Optical Thin Films
In order to possess nonzero even-order nonlinear optical susceptibilities, a material must lack a center of inversion at the macroscopic level. As a result of the multitude of potential frequency conversion, optical modulation, and optical switching applications that stem from the %( 2 ) second order susceptibility, several novel methods for creating noncentrosymmetric materials incorporating organic molecules with large ß molecular susceptibilities have been developed over the past decade. These include electric field poled polymers, Langmuir-Blodgett films, and covalent self-assembled monolayer structures. This report concerns the first demonstration of a novel ionically selfassembled monolayer technique for the creation of noncentrosymmetric organic thin films with substantial %( 2 ) values. The advantages of this technique include simple, rapid, inexpensive production and long-term stability of the induced %^> without the need for additional processing such as electric field poling or chemical reactions.
Ionic Self-Assembly Process
Preparation of organic thin-films based on spontaneous molecular assembly is one of the powerful approaches to create novel supermolecular assemblies. Recently, Decher 
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Final Report Figure 1 shows the fundamental concept and simplified physical model behind the basic ionic self-assembled monolayer (ISAM) process. The substrate surface has been thoroughly cleaned, and charged through chemical processing. The charged substrate is then dipped into a solution containing water soluble "cation" polymer molecules.
Because the polymer chain is flexible, it is free to orient its geometry so a relatively low energy configuration is achieved. Some functional groups along the polymer chain have localized positive charges so experience attractive forces toward the negative substrate, and the chain bends in response to those forces. The net negative charge of the substrate surface is thus partially masked from other positive functional groups along the polymer chain. Those groups feel a net force due to the fixed positive functional groups bonded to the substrate, so move to form a net positive charge distribution on the outermost surface of the coated substrate. Since the polymer layer is neutral, negative charges with relatively loose binding to the polymer network pair up with the positive ions. In this way, the total energy of the layer configuration is relatively low. Subsequent monolayers may be added in bilayer pairs by alternately dipping the substrate into polyionic solutions, to produce a multi-layer thin-film structure as shown. Nanoparticles, appropriately charged, such as fullerenes, metallofullerenes, and carbon nanotubes can also be substituted for the appropriate polymer layers in the process, thereby incorporating their functionality into the film layers.
charged surface cation Polyelectrolyte self-assembly processing has specific advantages.
• Excellent nanoscale molecular level uniformity permits the fabrication of coatings with exceptional characteristics. Homogeneous mixtures of inorganic nanoparticles, including fullerenes, can be incorporated into the thin-films, and the ratio of polymer to nanoparticles controlled by adjusting bilayer thicknesses.
• Surfaces with extremely complex geometrical shapes may be coated uniformly due to the aqueous nature of the coating process. Ionic bonding of molecules in sequential layers inherently self-limits thickness and allows fabrication of very uniform coatings over the very large surfaces of space-based structural systems or the very small surfaces of optical or electronic components.
• Synthesis is performed at room temperature and pressure. Avoidance of hightemperature binder burnout processing means that polyelectrolyte coatings may be created on nearly any solid material substrate, including ceramics, plastics, metals (with proper surface treatment to allow charging), semiconductors or organic films, without degrading or destroying the substrate.
• Capital equipment costs for basic fabrication are extremely low (the cost of large liquid containers), may be upscaled in size and volume, and may be easily automated.
• Capability for thick multi-layer fabrication is allowed due to the uniformity of • Broad range of layer functionality is possible through incorporation of a wide range of inorganic nanoparticles to control of the electronic, conductive, optical, magnetic, thermal and mechanical properties. High performance polymers may allow excellent thermal stability, mechanical properties and processability.
• Environmentally friendly process. Fabrication uses aqueous polyelectrolyte solutions and no volatile organic compounds (VOCs).
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Initial ISAM-Fabricated NLO Thin-Films
The ISAM thin films are grown monolayer by monolayer by first immersing an initially charged substrate into an aqueous solution containing an oppositely charged polyelectrolyte. This is followed by rinsing and then by immersion of the substrate into a second polyelectrolyte that is of opposite charge to the first. The dipping process can be repeated as many times as desired until a film with the chosen number of bilayers has been produced. The ISAM %( 2 ) films were deposited on glass microscope slide substrates.
The substrates were first prepared by cleaning with "piranha solution," a 30:70 mixture of 30% hydrogen peroxide and concentrated sulfuric acid at 80° C for one hour followed by 
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Second Harmonic Generation Measurements of ISAM Films
The SHG experiments were carried out using both the 1064 nm fundamental wavelength of a Q-switched Nd:YAG laser and the 1200 nm output from a broadband, BBO optical parametric oscillator (OPO). The OPO is pumped by the 355 nm third harmonic of the Nd:YAG and is continuously tunable from 400 to 2500 nm The 504 nm OPO signal beam is removed from the 1200 nm idler beam using a 700 nm long-pass filter. The incident intensity and polarization on the sample are controlled by a pair of Glan-Laser polarizing prisms. The fundamental beam is weakly focused onto the sample and a 532 or 600 nm spike filter is employed to ensure that the photomultiplier tube measures only the intensity of the second harmonic light. The incident fundamental intensity into the sample is measured using a beamsplitter and photodiode.
Poly S-119/PAH ISAM Films
Since the Poly S-119 films are strongly absorbing at 532 nm, we concentrate here primarily on the measurements using the 1200 nm fundamental wavelength. 
where / is the sample thickness, l c = X/[4(n 2co -n (0 )] is the coherence length, and Xeff is the effective susceptibility determined by the sample geometry and the nonzero components of the %( 2 ) tensor. In the limit that the sample thickness is much less than the coherence length, the second harmonic intensity is quadratic in the film thickness. Since the films studied here are in the l«l c limit, the SHG intensity is expected to grow quadratically with the number of bilayers. In Figure 6 , (l2co JKzzz . With the sample rotated from normal incidence at an angle 6 about the vertical axis and using p-polarized fundamental and second harmonic light, the effective susceptibility for the ISAM film is
X™ of the ISAM films is determined from eqns. fringes generated using the X*** (corresponding to du) coefficient of a quartz wedge.
The Xzzz value for Poly S-119/PAH is found to be 0.70 times the value of quartz, or 0.67x10" 9 esu. Importantly,the first ISAM x (2) films that we created have exhibited no
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,C) measurable decay of Xzzz over a period of more than six months.
PCBS/PAH ISAM Films
ISAM %( 2 ) films have also been fabricated using PCBS as the active polyanion layer and PAH as the passive polycation layer. The absorption spectrum for a film with 100 bilayers is shown in Figure 7 . The films are yellow in color and again exhibit exceptional We have also carried out a preliminary study on the thermal stability of yp^ in the PS-119
ISAM film. The sample was first heated to 100° C in 25 ° increments. The magnitude of X (2) at each temperature was determined by fitting the data for I 2(0 vs. I 03 as in Figure 5 and comparing to the data obtained at room temperature immediately prior to heating. The relative yp"> value as a function of time is shown in Figure 9 . The second, third, and fourth data points correspond to temperatures of 50, 75 and 100 ° C, respectively, as the sample temperature was raised over the course of three hours. The magnitude of yp^ was observed to decrease by roughly 20% over this time period. The sample was then maintained at 100° C for more than forty hours. Very little further decay was observed in %(2) during this extended heating period. Following more than 40 hours at 100 ° C, the sample maintained >70% of its initial yP^ value.
Developments in Nanoparticle, Precursor and Thin-Film Synthesis
We have observed nonlinear optical (NLO) behavior in polymer/organic dye ISAM thinfilms, using commercially available dye molecules, P-Sl 19 (Sigma) and PCBS (Aldrich), as well as newly synthesized polymer dyes, Polydyel and Polydye2. During this program we have synthesized several new NLO polymers. The UV-Vis spectra of aqueous solutions of these polymers are shown in Figure 9 . Results of second harmonic generation experiments using these Polydyes are discussed in following sections. 
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Multi-layer thin-films of Polydye3, Polydye6 and Polydye7 were self-assembled on glass and quartz substrates with polydiallyldimethylammonium chloride (PDDA) as the passive polycation layer.
UV-Vis spectroscopy was used to identify the absorption and transmission characteristics of the NLO thin-films as well as to quantify the growth of the multilayer structures. For example, optical absorbance spectra measured during the growth of a Polydye3 film on a modified glass substrate is shown in Figure 10 . We are currently investigating variations of the solution chemistry to reduce optical scattering from the thin-films.
The UV-Vis spectra of Polydye6 and Polydye7 are shown in Figure 11 and Figure 12 .
The absorbance peaks are located at 380 and 208 nm, respectively. The inset in Figure   12 shows the linear growth of Polydye7, which has an average optical density of 0.048 (at 208 nm) per bilayer. For each spectrum, three sets of UV-Vis data were obtained at different locations on each specimen. The maximum differences between data at different locations is at most a few percent, indicating excellent uniformity of the films.
The ellipsometry data for Polydye7 is shown in Figure 6 , yielding an average thickness of 31 Ä per bilayer. 
Fluorescence
Thin-film emission characteristics have important implications for optical and optoelectronic devices. As examples, the fluorescence spectra of Polydye2 and Polydye4
ISAM films are shown in Figure 14 and Figure 15 . For comparison, the emission spectra of the original Polydye solutions are shown on the same axes. The emission characteristics of other Polydyes will be determined in the future.
Polydyel Improvements
We have reported a % (2) value six times that of commercially available Poly S-l 19 for the first polymer we synthesized, Polydyel. However, the initially fabricated films exhibited some self-assembly problems, resulting in inhomogeneities. Modification of Polydyel solution chemistry has resulted in the fabrication of films that are exceptionally uniform.
The UV-Vis spectra for a Polydyel ISAM thin-film with increasing numbers of bilayers is shown in Figure 16 ; Figure 
Developments in % (2) Measurements in ISAM Thin-Films
We have continued to design and synthesize novel polymers that are mutually compatible with the ISAM deposition process and with high NLO response. A total of seven new Polydye polymers have been synthesized and deposited since the inception of this
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project. Figure 19 shows a comparison of the SHG signal from a 30 bilayer Polydye3 sample and the 68 bilayer Poly S-119 reference standard. By comparison to the Maker fringes generated in a quartz wedge, the 68 bilayer Poly S-119 ISAM film was determined to have a %W value of 1.34xl0 -9 esu. This film is then used as the reference standard, and the %( 2 ) of other ISAM films is determined with respect to this film using Eq. (1). By fitting the data of Figure 19 , the %( 2 > of the Polydye3 film was determined to by 0.91xl0-9 esu, or 68% of the Poly S-119 y( 2 \
Polydyel film was shown to have a %W value six times larger than that of Poly S-119.
The film quality of the Polydyel sample was, however, less homogeneous than that of other ISAM films resulting in substantial scattering loss. Through modification of the deposition parameters, we have successfully deposited Polydyel films that exhibit the exceptional homogeneity that is typical of ISAM films. SHG data for a new, homogeneous, 15 bilayer Polydyel film is shown in Figure 20 in comparison with Poly S-119. Although the total SHG signal is less for the Polydyel film, the x (2) obtained, accounting for difference in film thickness according to Eq. (1), is 3.26xl0 -9 esu, or 2.4
times larger than that of Poly S-119. This %( 2 ) is 2.6 times less than that measured in the inhomogeneous Polydyel film. This decrease can be understood from the absorption spectra of the two films. The peak absorbance at 450 nm of the first, inhomogeneous film is 0.14 while the peak absorbance of the homogenous film is 0.03. This indicates a decrease in chromophore density by a factor of 4.5 in the homogeneous film. The homogeneous film therefore, does make a more effective use of the chromophore when the lower chromophore density is accounted for. We are beginning to develop a fairly extensive database of yP^ values for new Polydye polymer ISAM films. This has allowed us to determine an improved set of design criteria concerning the simultaneous optimization of x^ and compatibility with the ISAM fabrication technique. These results are now guiding our current synthesis and deposition work.
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Characterization of Thermal Stability of ISAM NLO Thin-Films
To further investigate the thermal stability of the %< 2 ) response in ISAM NLO films, we measured the second harmonic generation in a Poly S-119/PAH 100 bilayer ISAM film as the temperature was raised to 150° C for greater than fifteen hours. Remarkable behavior was observed. While the %< 2 ) value was found to decrease to 75% of the initial value as the temperature was raised, it exhibited outstanding stability as the temperature was maintained at 150° C. Most strikingly, as the sample was cooled, %( 2 ) again increased. While we believe we understand the origin of this effect, it bears deeper investigation.
The SHG experiments were carried out using the 1200 nm output from a broadband, Once the temperature stabilized at 150° C, the sample was maintained at this temperature for fifteen hours. The second harmonic intensity was measured several times during this interval. SHG data is shown in Figure 22 for the initial time (t=0) at 150° C as well as The data were fit to the expression I 2t0 =A(I t0 ) 2 . Since the thickness of the ISAM films is much less than the second harmonic coherence length, the observed second harmonic intensity increases quadratically with the thickness of the film. In this limit, the yP-)
value is determined by
where A is the coefficient of the fit to the second harmonic intensity as a function of fundamental intensity and / is the path length through the sample (thickness). The yp)
value for each time and temperature was determined relative to the yP) of the sample prior to heating under the assumption that the film thickness was the same in all cases.
As described below, it is believed that the film thickness in fact decreases as the temperature is elevated. The thickness was not quantitatively evaluated as a function of temperature, however. The effect of the constant thickness assumption will be further discussed below. The yp) value relative to the initial value is plotted as a function of temperature in Figure 24 . Measurements taken as the temperature was increased are represented by circles and those taken as the temperature was decreased are represented Decher and co-workers have reported using small angle x-ray scattering that the total thickness of an ISAM film is reduced as the temperature is increased [10] . The film thickness was observed to be restored nearly to its initial value when the film was cooled back to room temperature. Y. Liu has previously measured the contact angle of a water droplet on ISAM films as a function of temperature and found that the contact angle was increased as the temperature was raised [11] . The contact angle returned to its initial value following cooling of the sample. Since the contact angle measures the wettability of the surface, the results were interpreted as a decrease in the water content of the film at elevated temperatures that is accompanied by a decreased film thickness. As the temperature is decreased water is reabsorbed, and the film swells to its original thickness.
The second harmonic generation data can be explained within this model as follows. As the ISAM film is heated, water is driven out of the film resulting in a decrease in film thickness. The compaction of the film is accompanied by an increased average tilt angle of the NLO chromophore with respect to the film normal that leads to a decreased %< 2 ) value. Furthermore, since the film thickness is decreased, the assumption of constant thickness used to determine the relative %( 2 ) values over-estimates the actual decrease in %( 2 ). As the temperature is raised to 150° C, the actual decrease in x (2) is somewhat less than 25%.
The increased SHG signal that is observed as the sample cools is believed to be due to the reabsorption of water into the film. This is accompanied by an increase in the film thickness and a decrease in the average tilt angle of the NLO chromophore with respect to the film normal. Since the final SHG signal after the sample has completely cooled is still slightly less than the initial value, it is supposed that either the film thickness or the tilt angle are not fully restored. Ellipsometric and SHG polarization-dependence measurements will be made to evaluate these hypotheses.
Determination of Electro-Optic Coefficient in ISAM Thin-Films
Two 50 bilayer films were self-assembled on ITO-coated glass substrates using both a commercially available dye and a Polydye and sent to Professor Jeong Weon Wu at Ewha Womans University in Seoul, Korea. Professor Wu will perform electro-optic measurements on the films, and the results are expected to be available in the next report period. The UV-Vis absorbance spectra of these specimens are shown in Figure 25 and 
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